Introduction
The characterization of power electronic device cross-sections is an essential part of the manufacturing and optimization processes. One of the most important information is the mapping of the utilized dopant concentrations, since they determine the electronic performance of the device. It is found that secondary ion mass spectroscopy (SIMS) is difficult to be applied in case of power semiconductor devices because of the low dopant concentrations (as low as 10 14 cm -3 ) and narrow dimensions in the µm range. In this contribution, a dedicated scanning probe microscope [1] , operated under ultra-high vacuum conditions, is applied for this purpose. An image of the scanning probe microscope (SPM) instrument is shown in Fig. 1 . The most important operation modes are scanning spreading resistance microscopy (SSRM), Kelvin probe force microscopy (KPFM) and scanning capacitance force microscopy (SCFM). On the one hand, SSRM is found to be a robust method. This SPM technique measures the local spreading resistance at relatively high loading forces. The main disadvantage is the destructive nature of this imaging mode, where high normal forces of about 50 N are required to penetrate through the native oxide layer of the semiconductor surface. On the other hand, KPFM and SCFM are non-contact methods, which are sensitive enough to observe dopant concentrations in the range of 10 14 to 10 18 cm -3 . KPFM is found to be influenced by surface defects [1] , which can lead to partial pinning of the Fermi level and subsequently a reduced contact potential difference (CPD) is observed. The band bending due to defects can be reduced by suitable sub-bandgap illumination of the tip-surface interface.
2, Experimental Results
To demonstrate the capability of our instrument, we performed dopant imaging on Si-based high-voltage super-junction device structures [2] . These structures were manufactured by a demanding and complex trench-etching followed by epitaxial refill process. The trenches have a depth of 60µm, a width of 3µm and are hole-doped by Boron with concentrations in the range of 10 14 cm -3 . We found [3] that SSRM provides valuable quantitative information about the doping level by comparison of the measured data at the region of interest to previously calibrated epitaxially grown layers. Furthermore, the trenches were investigated by the non-contact method, KPFM, as shown in Fig. 1 . KPFM measures the contrast in the CPD signal by applying a bias voltage VCPD to compensate for electrostatic forces, which is very sensitive to defect structures at the surface. A decrease of the defect density by suitable sample preparation and the reduction of the surface band bending by illumination with subbandgap irradiation are feasible strategies to minimize band bending and to optimize the CPD contrast mechanism [4] . SCFM seems to be a valuable method, but still needs further sophisticated modelling to obtain quantitative results. Fig. 2 shows the depletion zone below the probing tip, which leads to the change of the capacitance as a function of dopant density. The radius of curvature of the probing tips is 50nm as shown in the corresponding SEM pictures. In addition, SiC-device structures were investigated with the above mentioned methods. In this case, SSRM was found to be difficult to be applied because of the extreme hardness of SiC (close to diamond), which makes it difficult to form a stable electronic contact between the diamond-coated tip and the SiC surface. 
KPFM Method
Kelvin probe force microscopy (KPFM) relies on the measurement of electrostatic forces between probing tip and sample as a function of applied voltage VCPD [1] . For compensated contact potential, the electrostatic force is at its minimum. Ideally, the local contact potential differences (CPD) are due to the shift of the Fermi energy, for p-doping and for n-doping, where is the electron affinity, Eg is the band gap, kB is the Boltzmann constant, T the temperature, q the elementary charge, ni the intrinsic carrier density, m the work function of the metallic tip and ND is the donor density and NA the acceptor density. However, the Fermi level can be influenced by interface trap states or surface defects, which leads to band bending and a reduction of the CPD. In extreme cases, the Fermi level is pinned and the CPD would be independent of dopant concentration. The application of sub-band gap irradiation reduces band bending. This results in CPD values which are closer to the theoretical expectations. As shown in Fig. 1 the contrast between n-and p-doped regions can be inverted (large CPD on n-doped areas and smaller CPD on p-doped area). Application of light irradiations yields the non-inverted contrast due to the reduction of band bending.
SCFM Method
Scanning capacitance force microscopy (SCFM) uses force detection to probe the local capacitance. In contrast to scanning capacitance microscopy (SCM), which measures local capacitances by electrical means, SCFM is based on purely mechanical detection by measuring amplitude and phase of the second resonance frequency of the cantilever. Typically, resonance frequencies of the order of 1MHz are used, which means that the method is based on the fast response of the capacitance. It is well known from MIS-capacitance measurements, that the AC-capacitance gives only changes due to accumulation and weak depletion. However, inversion is not observable due to the finite time response of the minority carriers. Similarly, we do observe signals due to accumulation and depletion, where the change of the capacitance due to the depletion capacitance gives the largest signal. As shown in Fig. 3 , the strongest signal is observed on the areas with lowly doped concentrations, where the depletion boundary locally penetrates deepest into the semiconductor and the depletion capacitance is smallest, giving rise to large changes of the total capacitance. Simulations with Synopsys Sentaurus TCAD, taking into account the realistic geometry of the cantilever and probing tip (radius of curvature 50 nm and opening angle of 10°), show reasonable agreement between the SCFM measurements on silicon layers. The small ripples of the curves are due to numerical artefacts. Clearly, the largest amplitude is observed for the lowest dopant concentration of 710 14 cm -2 . Subsequently, smaller signals are measured for 110 15 and 110 17 . SCFM results in a relatively weak contrast for highly doped regions, because the total capacitance is not varying as much during the transition through the depletion region. The contrast on the n-region is mirrored at the y-axis, but shows similar trends with largest contrast on the lowly doped areas. A comparison between KPFM and SCFM on cross sections of SiC calibration layers shows dopant dependent contrasts, where concentrations between 10 15 and 10 20 cm -3 can be distinguished, cf. Fig. 4 . The amplitude A2 is related to the voltage derivative of the force gradient (cf. Fig. 3 )
Conclusion
Dopant imaging of cross-sections of semiconductor power devices has been successfully demonstrated for silicon and silicon carbide devices. In the case of silicon, SSRM is found to be a reliable technique, which is based upon the application of relatively large normal forces of about 50 N, which generate an ohmic-like contact between SPM tip and sample during the scan. In the case of silicon carbide, SSRM is difficult to be applied because of the hardness of SiC, which is quite close to diamond. In this case, the non-contact methods KPFM and SCFM provide useful information, but are significantly affected by defect states [1] . Sub-band gap irradiation reduces band bending and provides more reliable CPD contrast. SCFM gives the strongest contrast on the regions with lowest dopant concentrations. There, the reduction of the total capacitance due to the large depletion layer is the strongest.
